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SOLID-STATE BATTERIES, SEPARATORS,
ELECTRODES, AND METHODS OF
FABRICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to co-pending U.S. patent
application Ser. No. 15/387,143, filed Dec. 21, 2016, which
claims priority to U.S. Provisional Application No. 62/270,
269, filed Dec. 21, 2015, U.S. Provisional Patent Application
No. 62/315,760, filed Mar. 31, 2016, and U.S. Provisional
Patent Application No. 62/398,030, filed Sep. 22, 2016, the
disclosures of which are herein incorporated by reference 1n
their entirety.

BACKGROUND OF THE INVENTION

Solid-state lithium batteries were developed by Duracell
in the 1970s and made commercially available 1n the 1980s,
but are no longer produced. These cells included a lithium
metal anode, a dispersed phase electrolyte of lithium 10dide
and Al,O,, and a metal salt as the cathode. The Li/Lil
(Al,O;)/metal salt construction was a true solid-state bat-
tery, but these batteries were not rechargeable.

Because of the passivation reactions and unstable inter-
taces that form between organic electrolyte materials such as
liquid and solid polymer electrolytes, 1t has long been a goal
to develop a rechargeable solid state lithium based battery
using an inorganic solid electrolyte matenial. In the early
1990s, a second type of all-solid-state battery was developed
at the Oak Ridge National Laboratories. These cells con-
sisted of thin films of cathode, mmorganic electrolyte, and
anode materials deposited on a ceramic substrate using
vacuum deposition techniques, including RF sputtering for
the cathode and electrolyte and vacuum evaporation of the
.1 metal anode. The total thicknesses of the cells were
typically less than 10 um: the cathode had a thickness of less
than 4 um, the solid electrolyte a thickness of around 2 um
(just sutlicient to provide electrical 1solation of the cathode
and anode) and the L1 anode a thickness of around 2 pum.
Since strong chemical bonding (both within each layer and
between the layers of the cell) was provided by the physical
vapor deposition technique, the transport properties of these
cells were excellent. Although the solid electrolyte LiPON
has a conductivity of only 2x107° S/cm™" (fifty times lower
than that of the LiI(Al,O,) solid electrolyte used in the
carlier Duracell battery), the impedance of the thin 2 um
layer was very small, allowing for very high rate capability.
However, batteries based on this technology are very expen-
s1ve to fabricate, are very small, and have very low capacity.

Solid-state batteries are the focus of a great deal of
attention because of the potential for attractive performance
properties, including long shelf life, long term stable power
capability, no gassing, broad operating temperature range
(—40° C. to 170° C. for pure lithium anodes and up to and
beyond 300° C. using active composite anodes), and high
volumetric energy density (up to 2000 Wh/L). They are
particularly suited for applications requiring long life under
low-drain or open-circuit conditions.

Currently, Li-1on battery chemistry using liquid electro-
lyte provides the best known performance and 1s becoming
the most widely used of all battery chemaistries. Lithium 1on
cells consist of thick (~100 um) porous composite cathodes
cast on a thin (~10 um) Al foil current collector. The
composite cathode typically contains both LiCoO, as the
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and carbon black, which provides electrical conductivity
throughout the layer. A number of active cathode materials
have been and are being investigated 1n an effort to improve
battery performance. Some of these matenials have been
implemented 1n cells, including Lithium Nickel Cobalt
Manganese Oxide. A thin polymer separator provides elec-
trical 1solation between the cathode and the carbon-based
anode. The anode intercalates L1 during the charge cycle.
The cell 1s immersed 1n a liquid electrolyte, which provides
very high conductivity for the transport of L1 10ns between
the cathode and anode during charge and discharge. Because
the separator and composite cathode and anode are all
porous, the liquid electrolyte 1s absorbed into and fills the
structure, thus providing excellent surface contact with the
L1Co0,, active material and allowing fast transport of L1 10ns
throughout the cell with minimal impedance.

The liquid electrolyte 1itself consists of a L1 salt (for
example, LiPF,) 1n a solvent blend which typically includes
cthylene carbonate and other linear carbonates, such as
dimethyl carbonate. Despite improvements in energy den-
sity and cycle life, there remain several underlying problems
with batteries that contain liquid electrolytes. For example,
liguid electrolytes are generally volatile and subject to
pressure build up, explosion, and fire under a high charge
rate, a high discharge rate, and/or internal short circuit
conditions. Additionally, charging at a high rate can cause
dendritic lithium growth on the surface of the anode. The
resulting dendrnites can extend through the separator and
internally short circuit 1n the cell. Further, the self-discharge
and efliciency of the cell 1s limited by side reactions and
corrosion of the cathode by the liqud electrolyte. Still
turther, the liquid electrolyte also creates a hazard 11 the cell
over-heats due to overvoltage or short circuit conditions,
creating another potential fire or explosion hazard.

To address safety and reliability problems with lithium
based batteries that employ liquid electrolytes, and to
achieve high energy density, solid-state batteries that employ
high capacity lithium intercalation compounds are being
developed. Past attempts at constructing such all-solid-state
batteries have been limited by the need to bind the materials
together 1n order to facilitate effective lithium 1on transport
across 1nterfaces. This binding process has been attempted
by sintering at high temperature, such as 800° C. and higher.
However, the cathode and electrolyte matenials may react
with each other at such sintering temperatures, resulting in
high impedance interfaces and an ineflective battery.

To avoid the parasitic reaction problems associated with
high temperature sintering, all solid state batteries have been
developed using a low temperature sol gel process. These
all-solid-state batteries consist of a composite cathode con-
taining active battery cathode material (e.g., LINiMnCoQO,,
L1Co0,, LiMn,O,, L1,11.0,, or similar), an electrically
conductive material (e.g., carbon black), and lithium 1on
conductive glass electrolyte material, such as Li, La,
x110; (x=0.11) (LLTO) or Li,La;Zr,O,, (LLZO) that may
be formed 1n situ from a liquid, organic precursor. When
gelled and subsequently cured at low temperature, the pre-
cursor 1s transformed into a solid lithium 1on conductive
glass electrolyte.

In constructing a solid-state battery using the low tem-
perature sol gel approach, a cathode may be formed by
mixing a lithium active matenal, an electrically conductive
material, and the liquid sol gel precursor to form a homog-
enous mixture or paste. The cathode may be formed as either
a thick pellet or as a thin casting containing the mixture of
cathode components. The cathode 1s held together by the 10n
conductive glass electrolyte matrix that 1s formed by gelling
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and curing the sol-gel precursor solution. Curing tempera-
ture for the gelled precursor 1s 1n the range of 300° C., thus
avoiding parasitic reactions.

However, construction of battery electrodes using the sol
gel approach to produce glass electrolyte as a binder requires
proper gelling, drying, and curing of the precursor. Gelling
of precursors for LLTO and LLZO 1s a hygroscopic process.
Moisture must difluse 1into the cathode structure through the
tortuous path formed by the densely packed cathode powder
materials 1n order for the cathode material to gel properly
throughout. Drying of the precursor after gelling may be
time consuming because solvents and alcohols must diffuse
through the gelled electrolyte within the tortuous compacted
clectrode powder structure.

The all-solid-state primary cell developed by Duracell and
described above demonstrated very high energy densities of
up to 1000 Wh/LL and excellent performance in terms of
safety, stability, and low seli-discharge. However, due to the
pressed powder construction and the requirement for a thick
clectrolyte separation layer, the cell impedance was very
high, severely limiting the discharge rate of the battery. This
type of cell 1s also restricted 1n application because the
clectrochemical window 1s limited to less than three volts
due to the 10dide 10ns 1n the electrolyte, which are oxidized
above approximately three volts. In addition, a stable
rechargeable version of this cell was never developed.

The all-solid-state thin film battery developed by Oak
Ridge National Laboratories, also detailed above, addresses
many of the problems associated with Li-1on technology, but
also has limitations. The vacuum deposition equipment
required to fabricate the cells 1s very expensive and the
deposition rates are slow, leading to very high manufactur-
ing costs. Also, 1n order to take advantage of the high energy
density and power density aflorded by use of the thin films,
it 1s necessary to deposit the films on a substrate that 1s much
thinner and lighter than the battery layers themselves so that
the battery layers make up a significant portion of the
volume and weight of the battery compared to the inert
substrate and packaging components. Ideally, one would
simply use thicker battery electrode layers and thereby make
the substrate a less significant percentage of the battery’s
volume; however, 1t 1s not practical to increase the electrode
thickness beyond a few microns. Low lithium diffusion rates
coupled with thick electrode layers result 1n an impractical
battery with low charge and discharge rates. Therefore the
films must be deposited on very thin substrates (<10 um) or
multiple batteries must be built up on a single substrate,
which leads to problems with maintaining low interface
impedance with the electrolyte during the required high
temperature annealing of the cathode material after deposi-
tion.

Metal oxide electrolytes having conductivities in the
range of 107> S/cm have been fabricated. However, the use
of such materials as solid electrolytes in all-solid-state
batteries has been limited, 1n part due to the high interface
impedance that results from the high temperature sintering
process used to form bonds between the electrolyte and
active cathode materials. While bonding 1s needed to enable
lithium 10n conduction between the materials, inter-atomic
migration during sintering results in very high interface
impedance and very limited functionality of resulting cells.

Even though solid state batteries have been made by
homogenous mixtures of electrolyte and active material
powders and bonded together using low temperature pro-
cessing to yield low interface impedance, improved charge/
discharge rate capability, and access to the full capacity of
thicker cathodes has remained very limited. FIG. 1 shows
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the various layers of a solid state cell, including cathode
current collector 8, cathode 6, electrolyte separator 4, and

anode layer 2 constructed using the prior state of the art
approach. In the expanded view, solid electrolyte particles
12 are shown embedded within cathode active matenal 10.

Cathode 6 1s constructed having enough solid electrolyte
material 12 to achieve percolation such that there 1s a
network of particles 1n contact with each other to achieve
ionic conduction continuity. The standard construction pro-
cedure for the cathode 1s to mix the constituent cathode
powder materials until the electrolyte particles are relatively
homogenously distributed. The relatively uniform, but ran-
dom, distribution 1s maintained during construction of the
battery cell such that the configuration shown i FIG. 1 1s
representative of a completed battery 1n accordance with the
prior art. It i1llustrates some of challenges faced with con-
structing solid state cells, particularly those with relatively
thick cathodes. Because of the random mixing process, some
percentage of the electrolyte matenal, particles and group of
particles, will naturally be surrounded by active cathode
material and thereby 1solated from the electrolyte network,
as 1llustrated by particles 14. These 1solated particles cannot
participate in transporting lithium ions into the cathode from
the separator. For example, consider lithium 1on 22 con-
ducted through electrolyte layer 4. It continues a conductive
path through electrolyte particle 24. It receives an electron
18 or 20 and transitions 1nto active material 10. In receiving
an electron, 1t returns to 1its full lithium state 26 and
intercalates into the cathode material 10 by diffusion. Once
in a full Iithtum state, the atom cannot enter an electrolyte
particle 25, release an electro 28, and have that electron
conduct via a parallel path 28 so that 1t 1s reconstituted as
lithium at 30, thereby conducting deep within the cathode.
Once intercalated as lithium 1nto the active cathode material,
its transport within the cathode will be by diffusion, which
1s too slow for most applications.

Another problem 1s the limited cross sectional area where
clectrolyte particles connect to each other, as represented at
15. These areas of limited interface are like conduction
choke points. They tend to cause increased impedance due
to the small contact areas between particles.

Still another problem 1s represented by the network of
particles 16. Ideally lithium 1on 17 enters the network and 1s
conducted through a series of interconnected particles to be
intercalated into active material 10 at location 19. This 1s a
tortuous path that 1s worsened by the fact that the 10on must
be conducted 1n a direction opposite to that of the electronic
charge field to be intercalated at 19. It 1s not clear that this
would occur, given the positive charge of the lithium 10n.

The net effect 1s that solid state batteries with cathodes
having a random distribution of conductive electrolyte and
active particles display limited performance. Therefore, the
need remains for a solid state cell structure and production
process which provides high rate capability and effective
transport of lithium within the structure of the resident
clectrode.

SUMMARY OF THE INVENTION

The invention 1s directed to a solid state battery compris-
ing a cathode, a separator, and an anode, wherein at least one
of the cathode and the anode comprises a sintered electro-
chemically active material, a first inorganic solid particulate
clectrolyte having high conductivity, and a first low melting
point solid 1norganic electrolyte, wherein the first inorganic
solid particulate electrolyte has a particle diameter of about
100 nm to about 100 microns, and wherein the first low
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melting point solid inorganic electrolyte comprises a doped
metal oxide contaiming at least one of boron and carbon.

The mmvention i1s further directed to an amorphous or
glass-ceramic lithium 10n conductive inorganic electrolyte

comprising a doped metal oxide containing at least one of 3

boron and carbon.

Further, the invention 1s directed to a method of making
an amorphous or glass-ceramic inorganic electrolyte com-
prising a doped metal oxide containing at least one of carbon
and boron, the method comprising forming a coating layer
ol a powder of the doped metal oxide on a substrate, heating
the coated substrate to liquely the powder, and quenching
the coated substrate at a temperature below the melting point
of the powder to form the amorphous or glass-ceramic
clectrolyte.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of the invention, will be better understood when
read 1n conjunction with the appended drawings. For the
purpose of 1llustrating the invention, there are shown 1n the
drawings embodiments which are presently preferred. It
should be understood, however, that the invention 1s not
limited to the precise arrangements and instrumentalities
shown.

In the drawings:

FIG. 1 1s a schematic of a prior art solid state cell having
a composite cathode;

FIG. 2 1s a schematic of a cathode casted onto a current
collector substrate according to an embodiment of the inven-
tion;

FIG. 3 depicts large particles of electrolyte distributed
across the surface of a solid state cathode according to a
further embodiment of the invention;

FIG. 4 1s a schematic of a composite solid state cathode
according to a further embodiment of the invention 1n which
large particles of electrolyte are embedded within the sur-
face of a cathode containing particles of active cathode
material bonded together by a solid state electrolyte;

FIG. § depicts an electrolyte separator coating on top of

a composite cathode having large electrolyte particles
embedded in the cathode surface according to a further
embodiment of the invention;

FIG. 6 1s a schematic showing a cross-sectional view and
an expanded view of a composite cathode having large
clectrolyte particles embedded in the cathode surface
according to another embodiment of the mvention;

FIG. 7 1s a schematic showing a cross-sectional and
expanded three-dimensional view of a composite cathode
having large electrolyte particles embedded 1n the cathode
surface according to a further embodiment of the invention;

FIGS. 8a and b are Electrochemical Impedance Spectros-
copy (EIS) spectra for a highly conductive solid electrolyte
according to an embodiment of the invention;

FIG. 9 1s an Electrochemical Impedance Spectroscopy
(EIS) spectrum

for hot-pressed and melted boron doped
lithium carbonate pellets (L1;BO;:L1,CO;) and melted LiF
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FI1G. 10 1s a graph of charge/discharge cycle data for a cell
without large solid electrolyte particles embedded in the
cathode according to an embodiment of the mvention;

FIG. 11 1s an Electrochemical Impedance Spectroscopy
(EIS) spectrum for cells with and without large solid elec-

trolyte particles embedded into the cathode;
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FIG. 12 1s a graph of charge/discharge cycle data for a cell
with large solid electrolyte particles embedded 1n the cath-
ode according to an embodiment of the invention; and

FIG. 13 1s a graph of charge/discharge cycle data for cells
with cathodes using NCM with solid electrolyte (nano-sized
and/or large particle size) with and without Li1,BO,—
L1,CO; sintering aid.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The invention 1s directed, in part, to an all solid-state
battery cell having thick lithium active electrodes relative to

the thickness of the other components. The cell exhibits high
“C” rate capability, where “C” rate 1s defined as the dis-
charge current divided by the Amp-hour capacity of the
battery. The present invention thus addresses the need 1n the
art for improved lithtum 1on transport within solid state
battery electrodes by providing a non-homogenous mixture
of electrode active material and inorganic solid electrolyte
material. The inorganic solid state electrolyte, preferably
configured as relatively large particles which extend a sub-
stantial distance into the electrode, provides a non-tortuous
ion conduction path. The particles extend to the electrode
surface and are bonded to the electrolyte separator layer for
ion conduction continuity. Such a configuration addresses
the need for reduced tortuous conduction paths, elimination
of conduction choke points, and an eflective voltage field
gradient to promote or motivate migration of 1ons through
the electrolyte deep into the electrode. The invention further
provides a cost eflicient structure of continuous electrolyte
extending into the cathode. The desired structure may be
constructed by 3D printing of green ceramic materials
comprising the electrolyte and active material features or,
more preferably, by slurry casting of green ceramic tapes
having the targeted features and particle size distribution.

More specifically, the imnvention 1s directed to solid state
primary batteries, solid-state rechargeable (secondary) bat-
teries, and components therecof. The solid state batteries
according to the mmvention have composite electrodes which
contain a lithium active matenal, an 1norganic lithium 1on
conductive electrolyte having a relatively high melting
point, and optionally a low melting point 1norganic electro-
lyte material as a sintering aid and/or binder. The composite
clectrode may also include an electronically conductive
additive maternial. For the purposes of this disclosure, the
term “inorganic” may be understood to include materials
which are metal oxide-based glass or ceramic materials.
These materials preterably contain carbon but no hydrogen.
Each of the battery components will be described 1n more
detail below.

Solid Electrolyte-Electrode Composite

The solid electrolyte-electrode composite according to
embodiments of the imvention are also referred to herein as
“mmorganic composite electrodes” or simply “composite
clectrodes” and encompass both composite cathodes and
composite anodes. For the purposes of this disclosure, unless
otherwise noted, the terms “anode,” “cathode,” and “elec-
trode” are used interchangeably.

The composite electrodes according to the invention
contain sintered electrochemically active maternial and an
inorganic solid particulate electrolyte having a relatively
high melting point and high lithium 10n conductivity. In one
preferred embodiment, the composite electrode further con-
tains an 1norganic solid electrolyte having a relatively low
melting temperature.
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Preferably, the active material 1s present in the composite
clectrode 1 an amount of about 350-90% by volume. The
total amount of electrolyte material in the composite elec-
trode 1s preferably about 50-10% by volume relative to the
total electrode volume. If present, the percentage of low
melting point electrolyte 1s preferably up to about 10% by
volume when used as a sintering aid and 5 to 50% by volume
when used as a binder, relative to the total volume of the
clectrode.

When the composite electrode contains only active mate-
rial and high melting point electrolyte, the components are,
in a preferred embodiment, sintered 1n a structured geometry
which provides non-torturous electrolyte conductive paths
into the depth of the electrode. In other words, the sintering,
as described 1n more detail below, involves heating just high
enough that the particles come together and so that the
particles of electrolyte are embedded within the electrode.
Accordingly, most, 11 not all, of the electrode components
have access to the large particles.

The term “sinter” does not refer to a high temperature
process, but rather a process 1 which particles are fused
together without liquetying them. The sintering 1s performed
at a relatively low temperature, such as between 750° C. and
900° C., so that the electrode remains porous, but which
results 1n the formation of good electronic conductive path-
ways. This relatively low temperature simtering process
avoids problems associated with high temperature sintering,
such as parasitic reactions and atomic diffusion and migra-
tion, which can lead to high interface impedances between
lithium active materials and lithium electrolyte materials.

In a preferred embodiment, the composite cathode con-
tains a second, relatively low melting point inorganic solid
clectrolyte which 1s described 1n more detail below. This
clectrolyte, which melts at about 300° C. to 850° C., more
preferably about 400° to about 700° C., will generally have
relatively low 1on conductivity. This second electrolyte 1s
included in the sintered electrode 1n molten form to fill the
pores of the electrode subsequent to sintering. With cooling,
and solidification of the melt, 1t provides improved 1on
conductive coupling between the active electrode material
and the 10n conductive electrolyte and further acts a binder,
improving the mechanical integrity of the cathode structure.

The second, low melting point solid 1mnorganic electrolyte
may also be included in the composite electrode as a
sintering aid to help sinter the electrode active material and
the lithium 1on conductive electrolyte together. The sintering,
aid lowers the temperature needed to fuse the particles
together. Sintering of the solid electrolyte and electrode
active material preferably results 1n a structured geometry
that provides non-torturous electrolyte conductive paths 1nto
the electrode’s depth.

With the addition of a low melting temperature sintering,
aid, the cathode may be formed at a lower temperature than
without the sintering aid (about 750° C. to about 950° C.),
such as between 400° C. and 700° C., to form good
clectronic conductive pathways. A denser cathode structure
1s achieved with this approach. That 1s, the active matenal 1s
cast and calendared with a lower percentage of the low
melting temperature electrolyte, such that melting of the low
melting temperature electrolyte provides initial bonding of
the cathode structure, while at the same time leaving a less
voided structure. In addition to using the second electrolyte
as a sintering aid, 1t may also be inserted into the sintered
clectrode 1n molten form to fill the pores of the electrode
subsequent to sintering, as described above. Thus, the sec-
ond electrolyte may be included 1n the composite electrode
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at two different points during the manufacturing process to
serve two different roles or functions.

Each type of electrolyte 1n the composite electrode serves
a different function. Specifically, the highly 1onically con-
ductive electrolyte component which 1s dispersed within the
clectrode provides low impedance for conduction of lithium
ions throughout the structure of the electrode, thus providing
a cell with high charge and discharge rate capability. The
low melting temperature electrolyte primarily forms thin
interface layers between the component particles to mini-
mize the overall 1onic impedance of the electrode, lowers the
bonding temperature, prevents unwanted parasitic reactions
when used for initial bonding, and subsequently acts as a
binder upon infiltration. The low melting point electrolyte
also acts as a sintering aid as described above.

Accordingly, the different functional roles of the two
clectrolytes enable the construction of relatively thick, low
impedance electrodes. If the electrode has a standalone
structure such as a waler or pellet, a current collector
(aluminum, nickel, copper, or similar metal) may be sput-
tered, evaporated, or hot pressed onto the composite elec-
trode as a coating to provide electrical contact. Optionally
the electrode may be deposited on or bonded to metal foils.
The composite electrode according to the invention exhibits
high packing density of about 70 to 97%. The composite
clectrodes according to the invention are amorphous or
glass-ceramic in preferred embodiments.
Electrochemically Active Matenal

The electrochemically active matenial 1s preferably 1nor-
ganic and 1s more preferably lithtum-based, such as, without
limitation, lithium nickel cobalt manganese oxide (NCM),
lithium titantum oxide (LTO), lithium nickel oxide (LNO),
lithium cobalt oxide (LCO), or lithium manganese oxide
(LMO); the most preferred 1s NCM. Other lithium-based
clectrochemically active materials which are known in the
art or to be developed are also within the scope of the
invention. The particle size of the electrochemically active
material 1s preferably less than about 5 um, more preferably
less than about 1 um, depending on the application of the
battery. The active matenial selected for inclusion 1n a given
clectrode may be selected based on the desired operating
voltage and capacity and whether the intended function of
the composite electrode 1s as a cathode or an anode in the
final battery cell. Appropnate electrochemically active mate-
rials are commercially available.
Low Melting Point Electrolyte

The relatively low melting point (also referred to as
melting temperature) inorganic solid electrolyte component
preferably has a melting temperature of about 300° C. to
850° C. (673-973K), more preferably about 400° to about
700° C. The low melting point solid inorganic electrolyte
preferably comprises a doped metal oxide containing at least
one of boron and carbon; the most preferred metal oxide 1s
lithium oxide. The metal oxide may be doped with an
clement such as, without limitation, silicon, fluorine, ger-
mamum, or sulfur, or with a compound such as lithium
fluoride, silicon dioxide, lithium metaborate, or lithium
orthoborate. When the electrolyte contains a dopant, it 1s
preferably contained 1n an amount of about 0.1 to about 20
atomic percent, more preferably about 1 to about 20 atomic
percent, even more preferably about 5 to about 15 atomic
percent, most preferably about 8 to about 12 atomic percent.

Appropriate low melting point electrolytes include, for
example, lithium metaborate, lithium orthoborate, lithium
tetraborate, L1IPON 1n bulk form, lithium fluoride doped
lithium metaborate, silicon doped lithhum tetraborate,
lithium metaborate doped Ilithium carbonate (LiBO,—
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L1,CO;), lithium orthoborate doped lithium carbonate
(L1,BO,—L1,CO,), Iithium carbonate doped lithium
orthoborate (L1,CO,—1.1,B0O;), silicon dioxide doped
L1,BO,—L1,CO,; (S10,—L1,BO,—L1,CO,), and lithium
fluoride doped L1,BO,—L1,CO; (LiF—L1,BO,—1.1,CO,).
Most preferred low melting temperature electrolytes include
L1,CO;—L1,BO; (referred to herein as “LBCO”) and
[1,BO,—1.1,CO, (referred to herein as “LCBO”), which has
a melting temperature of 700° C. Amorphous or glass-
ceramic lithium 1on conductive 1morganic electrolytes com-
prising doped metal oxides contaiming boron and/or carbon,
such as lithium carbonate doped with lithium othoborate and
lithium orthoborate doped with lithium carbonate, are pre-
terred embodiments of the present mnvention, including an

clectrolyte having formula Li, ,C,BO,, <.
Other preferred matenals include LCBFO (LCBO doped

with fluorine), LCBSO (LCBO doped with sulfur), LBCS10
(LCBO doped with silicon), LBCS1FO (LBCS10 doped with
fluorine) and LBCGeO (LCBO doped with germanium), as
well as LBCSO (LBCO doped with sulfur), LCBS10
(LBCO doped with silicon), LCBS1FO (LCBS10 doped with
fluorine, and LCBGeO (LBCO doped with germanium).
Appropriate low melting point electrolytes are commercially
available or may be prepared by known methods.

In a preferred embodiment, the inorganic solid electrolyte
has general formula N N', N" N"™ N""__In this formula, N
represents at least one element selected from Group IA of the
Periodic Table, preferably Li, N' represents at least one
clement selected from Group IVA of the Periodic Table,
preferably carbon, N" represents at least one element from
Group IIIA of the Periodic Table, preferably boron, N'
represents at least one element from Group VIA of the
Periodic Table, preferably oxygen, and N"" represents at
least one dopant selected from Groups IA-VIIA of the
Periodic Table and transitional metals, preferably silicon,
sulfur, germanium, or fluorine.

In this formula, v, w, X, v, and z are each zero or positive
numbers including various combinations of integers and
fractions or decimals. In a preferred embodiments N, N', N",
N". and N"" represent lithium, carbon, boron, oxygen, and
silicon, respectively. In a second preferred embodiment, N,
N', N", and N'"* represent lithtum, carbon, boron, oxygen and
silicon, respectively, and z=0. In preferred embodiments, the
clectrolyte contains carbon and/or boron, as well as oxygen,
and none of v, z, X, y, and z 1s zero.

Exemplary lithium 1on conductive electrolytes which
exhibit usable conductivity and favorable melting tempera-
ture characteristics are shown i1n Tables 1 and 2, but low
melting point electrolytes which may be used in the inven-
tion are not limited to those listed. It 1s noted that the melting,
point of metal oxides 1s generally about 200 to 300° C.
higher than their corresponding glass transition temperature.
Additionally, 1n the formulas for the matenals in Table 1, the
components are listed 1n decreasing order of content 1n the
material, with the exception of oxygen. That 1s, LCB
would contain more carbon than boron, whereas LBCO
would contain more boron than carbon.

TABLE 1

Exemplarv low melting temperature electrolvtes

Crystalline Approx.

conductivity Roll Quenched Melting
Material* (S/cm) conductivity (S/cm) Point (° C.)
Base L.CBO 1 x 107° 4.56 x 107° 700
LCBO—F (trace Si) 2 x 1077 3.00 x 107° 560-585
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TABLE 1-continued

Exemplary low melting temperature electrolvtes

Crystalline Approx.

conductivity Roll Quenched Melting
Material * (S/cm) conductivity (S/cm) Point (° C.)
[.CBSO 3.6 x 107° 1.00 x 107> 590-600
[.BCSiO 8.74 x 107° 5.55 x 107 750-800
I.BCSiO—F 1.79 x 107 2.18 x 107 620-660
. BCGeO 1 x 107> 6.51 x 107 750-800

=LCBO is Li,CO3 doped with LisBO3), (LCBFO is LCBO doped with F), (LCBSO is

LCBO doped with §), (LBCS10 15 LCBO doped with §1), (LBCS1FO 15 LBCS10 doped
with F) and (LBCGeO 1s LCBO doped with Ge).

TABLE 2

Exemplarv low melting temperature electrolvtes

Composition (Glass Transition o (S/cm)
(mole %) Temperature (T, ° C.) (T, ° C.)
L1,0—MoO, 220 le-5 S/cm
(33.3-66.67) (64° C.)
L1,0—WO, 340 1.17e-5 S/cm
(33.3-66.67) (64° C.)
LiBr—Li,O—WO; 320 2e-5 S/cm
(10-45-45) (64° C.)
LiBr—Li,0—B,0;—P,04 320 1.2e-6 S/cm
(35-26-13-26) (25° C.)
LiBO,—LIF 600 (melting temperature) le-6 S/cm
(44-56) (25° C.)
L1;BO; (LBO) 680 (melting temperature)  1.0e-6 S/cm
(150° C.)
Lig 3C3BO 5 5 700 (melting temperature)  1.le-6 S/cm
L1;,C5BFOg 600 (melting temperature)  6.0e-7 S/cm
LiPO; 301 l.e-7 S/cm
(25° C.)
LiPON 301 1.2e-6 S/cm
(25° C.)

Although the exemplary electrolytes may have low 1onic
conductivities, their low melting temperatures make them
suitable for effectively bonding with and forming low 10nic
impedance interfaces with lithium active battery materials
and with other, faster lithium 1on conductive materials.
Thus, such low melting point materials may be heated to a
molten or near molten state and interfaced with lithium
active materials without the inter-atomic migration problems
typically associated with high temperature sintering, a prob-
lem which, until now, has limited the practical construction
of high performance all-solid-state batteries. Such electro-
lytes are thus included 1n the electrode to serve as a binding
agent or sintering aid for the active material and other
components of the electrode. That 1s, the low melting
temperature electrolyte serves as a glue which, when melted,
flows between powder particles and establishes good con-
tacts. When solidified, the low melting point electrolyte
serves to connect the particles together.

High Ionic Conductivity Electrolyte

In addition to the electrochemically active material and
optional low melting temperature electrolyte, the composite
clectrode 1includes a high 10nic conductivity solid particulate
iorganic electrolyte to {facilitate faster 1omic transport
through the body of the cathode. As previously explained,
typical low melting point electrolytes do not have high 1onic
conductivities.

The term “high 10nic conductivity” may be understood to
refer to conductivities greater than about 5x10™> S/cm.

Exemplary high 1onic conductivity solid electrolytes include
LLTO (Iithrum lanthanum titanium oxide (L1, La,,,_ 110,
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(x=0.11)), LLZO (lithium lanthanum zirconium oxide (gar-
net, Li,La,Zr,0,,)), LLBO (lithium lanthanum bismuth

oxide), or a similar solid-state, metal oxide based electrolyte
exhibiting high lithium 1on conductivity. Lithium lanthanum
zirconium oxide 1s preferred. The high 1onic conductivity
clectrolytes included 1n the composite electrode typically

have high melting points, which may be understood to refer
to melting points greater than about 800° C. (1073K).

The high melting point electrolyte 1s present 1n the form
of large particles having diameters in the micrometer to
nanometer range, more preferably 1n the micrometer range.
More preferably, the particles have diameters of about 100
nanometers to about 1 mm, even more preferably about 100
nm to about 100 microns, even more preferably about 1 to
about 100 microns, even more preferably about 20 to about
50 microns, most preferably about 30 to about 50 microns.
Using large particles, as much of the active material 1n the
clectrode can be in contact with the high melting point
clectrolyte as possible.

Unlike the low melting point electrolyte which melts and
reflows, the high melting point electrolyte remains as dis-
crete particles 1n the electrode. The shape of the particles 1s
not lmmited and may be cylindrical, spherical, or other
shapes. A cylindrical shape 1s preferred because it results 1n
greater surface area for the electrode material to contact the
large electrolyte particles. It 1s preferred if the particle
diameter comprises a significant portion of the electrolyte
layer, such as about 60 to 80%. For example, a 50 um
clectrode layer would preferably contain electrolyte having
particle diameter of about 40 um. Using such a relationship,
the electrolyte particles would, due to the casting process
employed, typically extend just above the top surface of the
clectrode where 1t touches the separator, thus providing 10nic
conductivity from electrode to separator. In one embodi-
ment, the cathode and anode are disposed on opposing sides
of the separator, and the particulate electrolyte particles
contained in the cathode and/or the anode extend into the
separatotr.

Additional Electrode Component

The composite electrode may optionally contain an elec-
tronically conductive material in an amount of up to about
5% by mass to enhance conduction of electrons. The terms
“electronically” or “electrically” generally refer to the con-
duction of electrons rather than 1ons. Exemplary electroni-
cally conductive materials 1nclude, without limitation,
cobalt oxide, carbon black, carbon nanotubes, silver, alumi-
num zinc oxide, doped silicon oxide, aluminum doped zinc
oxide, etc. This component, 1f present, provides low 1mped-
ance for the transport of electrons throughout the electrode
to allow for high rate capability.

Preparation of Composite Electrode

The composite electrode may be constructed as a stand-
alone water or pellet, or may be fabricated as a thin coating
applied to a substrate, such as a metal foill which may
function as a cathode current collector. For the purposes of
this disclosure, the terms “water” and “pellet” are not meant
to be limiting, and may refer to any desired shape or form.

The desired electrode structure may be formed using an
additive manufacturing process such as three dimensional
(3-D) printing whereby lithtum active material and electro-
lyte material are deposited 1n a predetermined pattern rela-
tive to each other. Without being limited by these examples,
the desired patterning may be accomplished using existing,
suitable 3-D printing technology, including aerosol jet spray,
patterned slurry printing or multilayered patterned casting,
and tape casting.
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In the slurry approach, the slurry 1s formed by mixing the
cathode electrode materials with a solvent and optionally an
organic polymer binder. Appropriate binders are well known
in the art and typically contain a low molecular weight
polymer, such as the preferred poly vinyl butyral (PVB) and
poly vinyl alcohol (PVA). The solvent may be any solvent in
which the polymer is soluble, such as the preferred ethanol
and xylene. The resulting slurry (containing composite cath-
ode matenals, solvent, and optionally binder) 1s then cast
onto a non-stick substrate such as polyester sheet material
using a doctor blade technique, spin coating technique, spray
coating techmique, printing technique, or the equivalent
thereof. The coating 1s then allowed to dry by evaporation of
the solvent. The solvent may be evaporated by heating. The
resulting casting in tape form may be removed from the
casting surface.

FIG. 2 depicts casting surface 8 coated with cathode layer
42 which may be applied using the conventional approach of
casting a slurry using a doctor blade. The slurry contains
active electrode material and highly conductive solid elec-
trolyte, and may also include an electronically conductive
additive and/or a low melting temperature electrolyte mate-
rial as previously described. To form the slurry, the compo-
nents, preferably in powder form, are mixed together in the
solvent to form a homogeneous distribution, preferably
without a polymer binder. The resulting mixture 1s then
doctor blade cast onto the casting surface. At this stage, the
casting 1s preferably not yet removed from the casting
surface.

FIG. 3 depicts the next step 1n a casting sequence for
constructing a solid state battery according to an embodi-
ment of the invention. A second slurry 1s made by mixing
large electrolyte powder particles of high conductivity elec-
trolyte together with a solvent and a low molecular weight
polymer binder, such as the preferred poly vinyl butyral
(PVB) or poly vinyl alcohol (PVA). The solvent may be any
solvent 1n which the polymer is soluble, such as the pre-
ferred xylene. The components are mixed to form a homo-
geneous distribution of the large electrolyte particles
throughout the mixture. The resulting mixture 1s then doctor
blade cast on top of the previously casted cathode material
42. The binder and solvent of this second casting diffuses
into the first casting layer. As the solvent evaporates, the
binder bonds the two layers together. As shown 1in FIG. 3, the
process results 1n large electrolyte particles 40 being rela-
tively uniformly arranged across and bonded to the surface
of original cathode casting 42.

After solvent evaporation, the resulting tape 1s lifted from
the casting surface. The large electrolyte particles are then
pressed into the surface of the first casting. The pressing
process 1s preferably achieved by calendaring the tape using
a roll press. The process results 1n a cathode that has the
appearance shown in FIG. 4, where the large electrolyte
particles 44 are embedded in the cathode casting and
exposed at the surface. In an alternate approach, the large
clectrolyte particles are cast first, followed by the active
clectrode material with binder as the top layer. In this way,
the large electrolyte particles will be exposed on the bottom
surface of the final cathode green tape once the solvent has
cvaporated and the tape 1s lifted from the casting surface.
The resulting tape 1s then calendared as previously
described.

The low melting temperature electrolyte, i present, also
allows for a coated current collector configuration whereby
the electrode component slurry may be spun, sprayed, doctor
blade casted, printed, etc. directly onto a low temperature
metallic current collector such as aluminum. It 1s also within
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the scope of the invention, however, for the slurry to be
made without the low temperature electrolyte binder/sinter-
ing aid. The slurry may also be made without a polymer
binder because 1t 1s supported by the metallic foil and 1t has
been found that elimination of the polymer binder allows
construction of a denser electrode.

In an embodiment when the electrode 1s made without the
low melting temperature electrolyte binder/sintering aid, the
clectrode 1s roll calendared, followed by infiltration with the

low melting temperature electrolyte at temperatures between
400° C. to 700° C. as previously described.

In embodiments when the slurry contains the low melting
temperature electrolyte, 1t 1s also calendared and sintered in
place on the metallic carrier surface at temperatures between
400° C. to 700° C. to reflow the electrolyte and form
continuity. Optionally, the electrode may also be infiltrated
with the low melting temperature electrolyte to further fill
the pores and allow access to all the active materials, as
described below. The electrodes according to the embodi-
ments of the invention preferably have thicknesses of about
3 microns to 1 mm.

It 1s also within the scope of the invention to form the
clectrode or composite electrode directly onto the current
collector or other substrate using a melt quenching process.
Such an electrode 1s formed by first depositing the low
melting temperature electrolyte on the substrate surface
either 1n powder form or using a slurry of the electrolyte
powder and a solvent. The solvent 1s evaporated, leaving an
even distribution (coating layer) of the electrolyte powder on
top of the substrate, which 1s then melted or softened to the
liquid phase (liquefied). The substrate and melted electrolyte
are then quenched, preferably at room temperature, such as
by using a roller to form a dense, defect free electrode on top
of the substrate with a thickness ranging from about 3
microns to 1 mm. It 1s further within the scope of the
invention to prepare a free-standing electrode material (such
as an electrode pellet) with no substrate and then perform the
quenching process.

A quenched celectrolyte has the advantage of forming
either an amorphous or a glass-ceramic material as the
clectrode (or composite electrode) which has higher con-
ductivity and increased density relative to known matenals.
Although room temperature quenching 1s preferred, 1t 1s also
within the scope of the invention to perform the quenching
at other temperatures below the melting point of the mate-
rial. Thus, melt quenching changes the materials from crys-
talline, having sharp, well defined XRD (X-Ray Diflraction)
peaks to glass ceramic (broad XRD peaks) or amorphous (no
XRD peaks).

Infiltration of Cathode

In one embodiment, the composite electrode 1s prepared
by infiltrating a sintered porous electrode with the low
melting point electrolyte, as previously described, which
acts as a binder to form continuous pathways between the
high 1on conductive electrolyte particles. This allows for
deeper and faster access to the cathode active material. To
form such an electrode, a slurry of the low melting tem-
perature electrolyte and a solvent such as 1sopropanol 1s cast
on top of the already formed electrode. Evaporation of the
solvent from the casting leaves a dry powder coating of the
low melting temperature electrolyte on the cathode surface.
Next, the cathode 1s heated to 400° C. to 700° C., such as 1n
an oven, to retlow the low melting temperature electrolyte,
allowing 1t to migrate into the electrode under capillary
force. It then cools to form a solid electrolyte with continu-
ous paths throughout the depth of the electrode. A preferred
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clectrolyte for this embodiment 1s L1,BO,—11,CO,, which
has melting temperature of 700° C.

When the electrode 1s coated onto a current collector, the
infiltration process 1s the same as described previously. The
preferred electrolyte for infiltration for this embodiment 1s
LiF— L1;BO,— L1,CO,, because 1ts low melting point of
600° C. allows the cathode to be coated onto 1nexpensive
aluminum foil.

Separator

The solid state battery according to the invention further
contains a separator 1n preferred embodiments, most pret-
crably an amorphous or glass-ceramic separator. FIG. 5
shows separator coating 48 applied to the surface of cathode
42, which may be applied by magnetron sputter deposition.
Lithium phosphorous oxynitride, L1iPON, 1s a preferred
clectrolyte material for applying in thin film form by sputter
deposition. The separator thickness 1s preferably about 3 um
to 50 um.

An alternate approach i1s to form the separator using
powder electrolyte material. In this approach, a high melting
point, high 1onic conductivity material such as LAGP, LATP,
or the preferred LLZO (preferably 1in nano-powder form),
with or without a sintering aid such as a low melting
temperature electrolyte, 1s mixed with a solvent and option-
ally an organic polymer binder to form a separator slurry as
previously described with respect to the electrode slurry. The
high melting point material 1s preferably in particulate form
and preferably has a particle diameter of about 100 nm to 1
mm as previously described with respect to the electrode.

Preferred low melting temperature electrolytes include
the doped metal oxides contaiming carbon and/or boron as
described above with respect to the electrolyte contained 1n
the electrode and the descriptions above are also applicable
to the low melting temperature electrolyte contained 1n the
separator. The most preferred sintering aid electrolyte 1s
L1,BO,—L1,CO; due to its low melting temperature (700°
C.) and high conductivity.

Appropriate binders are well known 1n the art and typi-
cally contain a low molecular weight polymer, such as the
preferred poly vinyl butyral (PVB) and poly vinyl alcohol
(PVA). The solvent may be any solvent 1n which the polymer
1s soluble, such as the preferred ethanol and xylene. A
number of solvents are possible 1t a polymer binder 1s not
employed. Isopropyl alcohol i1s most preferred when a
polymer binder 1s not employed.

The resulting separator slurry 1s then coated onto the
surface of the electrode which may or may not be pre-
sintered at temperatures between 400 and 850° C. depending
on the sintering aid, using a doctor blade technique, spin
coating technique, spray coating technique, printing tech-
nique, etc. The coating is then allowed to dry by evaporation
of the solvent. Aerosol spraying or dry powder spaying using
a carrier gas 1s also a suitable technique for applying the
desired coating layer. Construction of the layered electrode/
separator structure 1s completed by sintering i1t 1n an oven at
a temperature between 400 and 850° C., depending on the
sintering aid as previously described.

The slurry containing LL.ZO and optionally sintering aid
clectrolyte may alternatively be coated onto a separate
casting surface and subsequently removed as a “green’ tape.
The resulting separator tape may then be laminated with a
previously formed cathode tape, such as that previously
described. The separator 1s laminated to the cathode surface
having the large electrolyte particles exposed. The cathode
and separator tapes are layered together and then calendared
by passing through a pair of compression rollers and then cut
into individual discs or prismatic waters of a desired cathode
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s1ze. Subsequently, the cutouts are heated to about 400° C.
to burnout or evaporate the binder material. Finally, the
cutouts are placed 1n an oven and sintered at a temperature
as previously described.

Alternatively, pristine LLZO powder may be densified by
hot-pressing to form a defect free, 100% dense LLZO sheet.
This sheet may be bonded to the sintered and infiltrated
cathode using a bonding agent such as, without limitation, a
low melting temperature electrolyte material as previously
described.

Alternatively, a separator may be formed directly onto the
clectrode using a melting quenching method as previously
described. Such a separator 1s formed by first depositing the
low melting temperature electrolyte on the electrode surface
in powder form or by using a slurry of the electrolyte powder
and a solvent. The solvent 1s evaporated, leaving an even
distribution of the electrolyte powder on top of the electrode,
which 1s then melted or softened to the liquid phase (lique-
fied). The electrode and melted electrolyte are then
quenched, preferably at room temperature, such as by using
a roller to form a dense, defect free separator on top of the
clectrode with a thickness ranging from about 1 um to 50
um. A quenched electrolyte has the advantage of forming
either an amorphous or a glass-ceramic material as the
separator which has higher conductivity and increased den-
sity relative to known maternials. Although room temperature
quenching 1s preferred, it 1s also within the scope of the
invention to perform the quenching at other temperatures
below the melting point of the material. Thus, melt quench-
ing changes the materials from crystalline, having sharp,
well defined XRD peaks to glass ceramic (broad XRD
peaks) or amorphous (no XRD peaks).

It has been found that such a method of melt quenching
materials from the melting point to a temperature sufliciently
lower than the melting point results 1n an amorphous or
glass-ceramic material with increased 1onic conductivity.
The melting quenching method 1s preferably performed by
roll quenching using a roller at speeds varying from 300 rpm
to 3000 rpm, but more preterably about 700 rpm. As shown
in Table 1, the base LCBO material when melt quenched to
form a glass-ceramic exhibited an increase in conductivity
of about four times compared to the known crystalline
version of the material. In addition, as shown 1n Table 1,
other materials also showed significant increase 1n conduc-
tivity as high as one order of magnitude when melt
quenched. Thus, the method of melt quenching increases the
conductivity of the resulting amorphous or glass-ceramic
doped metal oxide by at least about three times, even by at
least about five times, relative to the conductivity of the
powder of the doped metal oxide prior to melt quenching.

Table 1 further shows that the base LCBO doped with
sulphur showed an increase 1n conductivity and a lowered
melting point to 600° C. This lower melting point makes the
material form glass much easier when quenched, and
improves workability i turns of lower reactivity with bat-
tery components. Similarly, the melt quenched fluorine
doped LBCS10 had a significantly reduced melting point
(from 800° C. to 660° C.) with only slight reduction 1n the
conductivity, thus making the material more compatible
with the active materials used in the cathode due to less
parasitic reactions at these high temperatures.

In one embodiment, the low melting temperature electro-
lyte in the electrode 1s LCBO and the low melting tempera-
ture electrolyte 1n the separator i1s lithrum fluoride doped
LCBO, Li,C,BFO,, which has a melting temperature of
600° C., 100° C. lower than that of the non-doped material.
This difference 1n melting temperature between LCBO and
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L1,C,BFO, enables an electrode to be constructed which
promotes 1on conduction internal to the electrode while
being unaflfected by the lower melting temperature process
of applying the coating of Li1,C,BFO, to the surface of the
clectrode as a separator. That 1s, because the temperature
required to melt the electrolyte in the separator 1s lower, the
clectrolyte 1n the electrode remains unaflected (does not
melt).

In a further embodiment, as opposed to a sintered sepa-
rator coating, the electrolyte powder applied to the surface
of the electrode may be a second low melting temperature
clectrolyte material. Instead of sintering the separator, the
coated electrode 1s heated to the melting temperature of the
coating to produce a liquid film. The separator film 1s formed
as the liquid cools and re-solidifies. In this example, the low
melting temperature electrolyte may also be applied while 1n
a molten state using a spin coating technique. This electro-
lyte may be any of the low melting temperature electrolytes
previously described, and 1s most preferably Li1;BO,—
L1,CO,.

Solid-State Battery

A primary or secondary solid state battery according to
the 1nvention contains a composite electrode as previously
described, a counter electrode, and a separator. For example,
if the composite electrode 1s a composite cathode, a con-
ventional anode, such as lithium metal, lithium alloy metal,
or a lithium alloy precursor may be utilized. The separator
may be as previously described and the metallic anode may
be applied onto the separator by physical or vapor deposition
under vacuum, such as by sputtering or thermal evaporation.
Alternatively, the cell may be completed by applying a metal
fo1l or coating such as copper to the surface of the electrolyte
opposite the cathode so that a lithium free cell 1s formed. In
this case, the lithium i1s plated between the foil and the
clectrolyte on 1mitial charge to form the anode.

The anode may also be a composite electrode, as previ-
ously described. In one embodiment, the anode 1s cast onto
an electrolyte coated cathode so that the battery has a Li-1on
cell configuration 1 which a first composite electrode 1s
formed using a L1 1on intercalation compound having a low
lithium reaction potential, such as lithium titanium oxide
(LTO). A composite separator 1s formed using a low melting
temperature glass electrolyte binder and a filler material as
previously described. A second composite electrode 1s
formed using a lithium intercalation maternial, such as
lithium nickel cobalt manganese oxide (NCM) which has a
higher reaction potential than the material used 1n the first
clectrode. The first composite electrode material may be
used as an anode and the second composite electrode may be
used as a cathode. The anode, the separator and the cathode
materials are stacked to form a monolithic structure having
the separator positioned between the anode and cathode. The
stacked components may be heat treated at a temperature
ranging from 400° C. to 700° C. Subsequently, the anode,
clectrolyte, and cathode multilayer structure 1s heated at a
temperature suilicient to sinter the structure together or, in
the case of a low melting temperature binder electrolyte, a
temperature suilicient to reflow the electrolyte and bind the
component electrodes and separator together.

Preferably, the melting temperature of the separator layer
1s lower than the melting temperature of the low melting
temperature binder electrolyte employed in the cathode. The
heat treatment will only melt the low melting temperature
clectrolyte used in the separator such that i1t bonds all the
layers 1n the stack together.

FIG. 6 shows a cross sectional view of a battery according,
to an embodiment of the invention. Electrolyte particles 354




US 11,417,873 B2

17

extend separator layer 46 into cathode 42. Calculation 47
presents a geometric 1mpression of the impact of the

increased surface area of the separator. Although each par-
ticle 1s diflerent and has a random shape, they are approxi-
mated as spherical for analytical convenience. The top
portions of the particles are embedded as part of the sepa-
rator. For further convenience, 1t 1s assumed that the depth
which lithium 1on 52 can effectively difluse 1n and out of the
cathode active material 1s 15 um and that the distance from
the center of the large electrolyte particle to the depth 43
which lithium can effectively diffuse 1s 45 um. Thus, for an
average electrolyte particle size of 30 um for radius 41 and
an active material thickness of 75 um, the net accessible
volume of active cathode material per particle can be
approximated as 268,606 um”, less the volume cut off by the
separator interface at the top surface of the cathode. This 1s
significantly greater than the 121,500 um® accessible by
diffusion 15 um 1nto the cathode via a flat interface with the
clectrolyte.

FIG. 7 shows a three dimensional depiction of structure
surrounding an electrolyte particle. If it 1s assumed that the
particle provides full access to an enclosing cubical volume,
the net volume of cathode material accessed would be
615,903 um- less the volume of active material displaced by
the separator and less the volume cut off by the separator
interface at the top surface of the cathode.

This invention will be further illustrated below i the
tollowing, non-limiting examples.

Example 1: Preparation and Analysis of Solid
Electrolytes

A high conductivity electrolyte, LLZO (lithtum lantha-
num zirconium oxide (garnet, L1,-La,7Zr,O,,)), was prepared
as follows. 3.8 g of L1OH, 10 g of La,O,, 6 g of ZrO, 0.27
g of Al and 1.12 g of TaO were milled 1n THF. All
components were obtained from commercial sources. The
resulting mixture was dried under vacuum and then heated
at 715° C. for 1 hour and at 900° C. for 3 hours. The resulting
powder was pressed 1n a Carver press to form a pellet which
was subsequently sintered at 1200° C. 1 oxygen. Thus,
sintered pellets were removed from the furnace and ground
into powder to provide the desired LLZO.

LLZO impedance measurements are shown in FIGS. 8a
and 8b. The graph 1n FIG. 8a represents the whole measured
spectrum and the graph i FIG. 86 focuses on the high
frequency portion. Based on these data, the estimated 10nic
conductivity of the LLZO is 5x10™* S/cm. Large LLZO
particles are obtained by hot pressing LLZO powder at
1200° C. to sinter and form dense structures. The dense
pellet was then broken into particles and separated using
various ranges of sieves to obtain particles between 25 um
and 45 um.

A low melting temperature electrolyte, L.1,BO,:L1,CO,,
lithium orthoborate doped lithium carbonate, having the
formulation L1, ;C,BO,, . with a melting temperature of
700° C., was prepared by a solid state reaction as follows.
[1,BO; was produced by mixing 24.1 g of L1,0, with 14.7
g of lithium tetraborate, both obtained from Sigma Aldrich.
The powders were milled for 8 hours 1n 35 ml of THF. The
resulting powder was dried on a hot plate for 3 hours at 80°
C. and then 1n a vacuum oven for 22 hours at 120° C. The
thus dried powder was placed 1n a tube furnace and heated
at 580° C. under flowing oxygen for 10 hours to form a
precursor to the desired lithium orthoborate powder.

To form L1,BO,:L1,CO;, lithium orthoborate precursor
powder and lithium carbonate (Alfa Aeser product number
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554-13-2) were mixed 1n a 1:2.76 wt % ratio and then hot
pressed at 700° C. to form a dense composite electrolyte. An
alternative to hot pressing the mixture to form the composite
clectrolyte would be to heat 1t to its melting point to form a
homogenous molten mixture. After cooling, the resulting
material was ground into a powder having a particle size of
less than 3 um.

Alternatively, to reduce the melting point of the L.1,BO;:
L1,CO;, 1t may be doped with lithium fluoride (LiF) 1n a
1:1:2.76 wt % (LiF:L1,BO,:1.1,CO;). The precursors are
then melted into a homogenous mixture to form the com-
posite electrolyte on cooling.

Conductivity measurements were made on pellets prior to
egrinding into final powders. Platinum was sputtered on both
sides of pellets to provide electrical contact. Impedance
measurements were made using a Solartron 1260 instru-
ment. The mmpedance spectrum of the hot-pressed and
melted boron doped lithium carbonate pellets (L1;BO;:
L1,CO;) and melted LiF doped L1,BO;:L1,CO; are shown 1n
FIG. 9. The graph represents the entire measured spectrum.
Based on the impedance data, the 10nic conductivities of the
hot-pressed L1,BO,:1.1,CO;, melted L1,BO,:1.1,CO;, and
melted LiF doped L1,BO,:L1,CO, pellets are estimated to be
1.1x10-6 S/cm, 9.5x10-7 S/cm and 6.0x10-7 S/cm, respec-
tively at room temperature.

Example 2: Preparation of Cell Using NCM
Cathode with Low Melting Temperature Electrolyte

A mixture was prepared by high energy milling 4 g (61%)
NCM active cathode material powder, (36 wt %) 2.4 ¢
nano-sized (<0.3 um average particle size) LLZO electrolyte
(prepared 1n Example 1) and 0.2 g (3 wt %) polymer binder
(PVB) with 1.5 ml of ethanol and 1.5 ml of xylene solvents.
The mixture was then cast onto a non-stick, polyester sheet
material and allowed to dry. Multiple castings were made
and were subsequently calendared together to form a single
multilayered sheet, with each layer being approximately 50
um thick. Discs were punched from the sheet and then
heated at 400° C. for 3 hours to remove the binder and then
at 850° C. for 30 minutes to obtain a porous, sintered,
cathode disc.

After sintering, a slurry of low melting temperature elec-
trolyte was cast onto one surface of the cathode disc. The
slurry was formed by mixing 0.2 g [1,BO,:11,CO, (pre-
pared 1n Example 1) with 2 g of i1sopropanol solvent (IPA).
Evaporation of the solvent from the casting left a dry powder
coating of L.1,BO,:L.1,CO, on the cathode surface. Next, the
cathode was placed 1nside an oven at 700° C. to reflow the
[1,BO;:L1,CO,, allowing 1t to migrate into the cathode
under capillary force.

The now solid electrolyte infiltrated cathode was next
coated with LiPON (commercially available from Kurt
Lesker) by sputter deposition to form a separator. The cell
was completed by evaporating a lithtum seed layer onto the
surface of the LiPON to form the anode.

The cell was tested and the resulting charge/discharge
cycle data and impedance spectrum are shown in FIGS. 10
and 11, respectively. The charge/discharge cycle data in FIG.
10 shows that the discharge capacity of the cell 1s 400 pAh.
The cell 1s tested at C/100 at room temperature. The corre-
sponding EIS spectrum 1n FIG. 11 shows that the impedance
of the cell without the large LLZO particles 1s about 2200
ohms.
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Example 3: Preparation of Cell with NCM
Cathode, Low Melting Temperature Electrolyte and
High Surface Area Separator Interface

A mixture was prepared by high energy milling 4 g (61%)
NCM active cathode material powder, (36 wt %) 2.4 ¢
nano-sized (<10.3 um average particle size) LLZO electrolyte
(prepared 1n Example 1) and 0.2 g (3 wt %) polymer binder
(PVB) with 1.5 ml of ethanol and 1.5 ml of xylene solvents.
The mixture was cast onto a non-stick, polyester sheet
material and allowed to dry. Multiple layers of the casting
were calendared together into a single sheet for a more
uniform distribution of particles, with each layer being
approximately 100 um thick prior to calendaring.

An LLZO separator was prepared by mixing nano-LLZO
powder, approximately 25 nm, with large particle LLZO
powder, 25 umto 45 um, ma 2 g/2 g (50/50 wt %) ratio with
0.28 g 7 wt % polymer binder (PVB), 1.6 ml of ethanol, and
1.6 ml of xylene solvents. The resulting slurry was doctor
blade cast on to a non-stick surface as previously described
and allowed to dry. The resulting film was removed from the
casting surface and paired with and calendared together with
the multilayered cathode sheet. Steel rollers were used for
calendaring the casting. The calendaring process densifies
the electrolyte layer pushing the particles therein closer to
cach other. Similarly, NCM particles in the cathode under-
lying cathode layer are pressed closer to each other, thus
increasing the particle density of the cathode. The final
thickness of the cathode was 80 um, which results 1n the
large LLZO electrolyte particle extending a significant dis-
tance from the surface deep into the cathode. Since the large
particles 1n the separator are larger in diameter than the
thickness of the separator, the larger particles end up pro-
truding into the cathode layers, thus providing an increased
interface roughness and less tortuous conductivity paths into
the cathode.

Discs were punched from the sheet and then heated at
400° C. to remove the binder and then at 850° C. for 1 hour
to obtain a porous, sintered, cathode disc with large particles
ol separator material embedded 1n and exposed at 1ts surface.

After sintering, a slurry of low melting temperature elec-
trolyte was cast onto one surface of the cathode disc. The
slurry was formed by mixing 0.2 g L1,BO,:L1,CO; (EX-
ample 1) with 2 g of 1sopropanol solvent. Evaporation of the
solvent from the casting left a dry powder coating of
[1,BO;:L1,CO, on the cathode surface. Next, the cathode
was placed 1n an oven at 700° C. to reflow the L1,BOj:
L1,CO,, allowing 1t to migrate into the cathode under
capillary force.

Subsequently, the LiPON separator material having a
thickness of about 2.5 microns was deposited on a smooth
side of the thin pellet by RF magnetron sputtering. The
clectrolyte coating directly contacts the exposed large LLZO
particles embedded in the surface of the cathode. Finally, a
L1 metal anode was deposited on the LiPON by thermal
evaporation in vacuum. The resulting cell was tested and the
impedance spectrum was run using the Solartron and charge/
discharge cycle data were taken using a Maccor battery
cycler to yield the data shown 1n FIGS. 11 and 12. FIG. 11
shows that the cell with the large LLZO particles embedded
into the cathode and making intimate contact with the
L1PON separator had lower impedance than the cell without
the large particles (approximately 1000 ohms lower). FIG.
12 shows that the charge and discharge capacity of the cell
with the large LLZO particles was also significantly
enhanced over the cell without the large LLZO particles. The
theoretical capacity of both cells based on active maternal
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content 1s approximately the same. The cells were tested at
the same C-rate (C/100) at room temperature.

Example 4: Preparation of Cathode Using NCM
with LLZO Flectrolyte (Nano-Sized and/or Large
Particle Size) with and without L1,BO,—1.1,CO,

Sintering Aid

(a) Preparation of Cathode Using NCM with Nano-Sized
(<0.3 um Average Particle Size) LLZO FElectrolyte Only

A mixture was prepared by high energy milling 4 g (49%)
NCM active cathode material powder, (49 wt %) 4 ¢
nano-sized (<0.3 um average particle size) LLZO electrolyte
and 0.2 g (2 wt %) polymer binder (PVB) with 4 g of ethanol
and 4 g of xylene solvents.

(b) Preparation of Cathode Using NCM with Nano-Sized
(<0.3 um Average Particle Size) and Large (25 um to 45 um
Average Particle Size) LLZO Electrolyte

A mixture was prepared by high energy milling 4 g (52%)

NCM active cathode material powder, (46 wt %) 3.5 ¢
nano-sized (<0.3 um average particle size) LLZO electrolyte
and 0.2 g (2 wt %) polymer binder (PVB) with 4 g of ethanol
and 4 g of xylene solvents.
(¢) Preparation of Cathode Using NCM, Nano-Sized (<0.3
um Average Particle Size), Large (25 um to 45 um Average
Particle S1ze) LL.ZO Electrolyte and Low Melting Tempera-
ture Electrolyte as Sintering Aid

A mixture was prepared by high energy milling 4 g (50 wt
%) NCM active cathode material powder, (44 wt %) 3.5 g
nano-sized (<0.3 um average particle size) LLZO electro-
lyte, (3 wt %) 0.25 g L13B03:L12CO3 sintering aid and 0.2
g (3 wt %) polymer binder (PVB) with 4 g of ethanol and 4
g ol xylene solvents.

Cathode mixtures a, b and ¢ were each cast onto a
non-stick, polyester sheet material and allowed to dry. The
casting 1n the form of green tape was removed from the
substrate stacks 1n layers and calendared together to form a
single multilayered sheet, with each sheet being approxi-
mately 30 um thick. Discs were punched from the sheet and
then heated at 400° C. for 3 hours to remove the binder.
Subsequently the cathode samples from Examples a and b
were sintered at 850° C. for 30 minutes while Example 4c
was sintered at 700° C. for 30 mins to obtain a porous,
sintered, cathode disc. The L1,BO;,—1.1,CO; sintering aid 1in
example 4c allows the cathode to be sufliciently sintered at
700° C., 150° C. lower than the sintering temperature of
Examples 4 a and b without the binder. Lower sintering
temperature reduces parasitic reactions between the NCM
active material and LLZO electrolyte thus improving the
charge transfer.

After sintering, a slurry of low melting temperature elec-
trolyte was cast onto one surface of each cathode disc. The
slurry was formed by mixing 0.2 g of L1,BO;:L1,CO; with
2 g of 1sopropanol solvent. Evaporation of the solvent from
the casting leit a dry powder coating of L1;BO, LiZCO on
the cathode surface. Next, the cathodes were placed 1n an
oven at 700° C. to reflow the L1,BO,:11,CO;, allowing 1t to
migrate into the cathode under capillary force.

The now solid electrolyte infiltrated cathodes were next
coated with L1IPON by sputter deposition to form a separator.
The cells were completed by evaporating a lithium seed
layer onto the surface of the LiPON to form the anode.

FIG. 13 shows the charge and discharge capacity of the
cells from examples, 4a, 4b, and 4c¢ at room temperature
cycling at a c-rate of C/15. As seen, cathodes with only
nano-sized LLZO (example 4a) showed a discharge capacity
of 0.20 mAh/cm*, whereas cathodes with nano-sized and
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large particle sized LLZO showed significant improvement
in the average voltage and discharge capacity, approximately
a 140% increase (0.48 mAh/cm”). Further enhancement of
the average voltage and discharge capacity (25% increase to
0.60 mAh/cm?®) was obtained when sintering aid Li;BO,—

L1,CO; was added to the nano-sized and large particle
LLZO.

Example 3: Preparation of Separator by Melt
Quenching

A mixture was prepared by high energy milling 4 g (61%)
NCM active cathode material powder, (36 wt %) 2.4 ¢
nano-sized (<0.3 um average particle size) LLZO electro-
lyte, and 0.2 g (3 wt %) polymer binder (PVB) with 1.5 ml
of ethanol and 1.5 ml of xylene solvents. The mixture was
then cast onto a non-stick, polyester sheet material and
allowed to dry. Multiple castings were made and were
subsequently calendared together to form a single multilay-
ered sheet, with each layer being approximately 50 um thick.
Discs were punched from the sheet and then heated at 400°
C. for 3 hours to remove the binder and then at 850° C. for
30 mins to obtain a porous, sintered, cathode disc.

After sintering the cathode disc, 0.1 g of L1,BO;:L1,COx;:
1,50, dry powder was suspended 1n 1sopropyl alcohol and
subsequently placed on top of the porous cathode disc. Next,
the cathode was placed in an oven at 620° C. to melt the
[1,BO;:L1,CO,:1.1,S0O,, allowing it to migrate nto the
cathode under capillary force until the voids in the cathode
were filled, leaving excess molten material on the surface of
the cathode disc. The filled cathode disc with excess molten
[1,BO,:L1,CO,:L1,SO, on 1ts surface was then calendered
using a roller at room temperature, thus quenching the
clectrolyte on the surface and 1nside of the cathode, forming
a glass separator on the cathode surface that also extended
throughout the thickness of the cathode.

It will be appreciated by those skilled 1n the art that
changes could be made to the embodiments described above
without departing from the broad inventive concept thereof.
It 1s understood, theretore, that this invention 1s not limited
to the particular embodiments disclosed, but 1t 1s mntended to
cover modifications within the spirit and scope of the present
invention as defined by the appended claims.

We claim:

1. A solid state battery comprising a cathode, a separator
and an anode, wherein at least one of the cathode and the
anode has a surface adjacent to the separator and comprises
a mixture of an electrochemically active maternial and a {first
inorganic solid particulate electrolyte having high 1onic
conductivity, whereimn the first morganic solid particulate
clectrolyte has a particle diameter of about 100 nm to about
1 mm, and wherein the first inorganic solid particulate
clectrolyte contained in the cathode and/or the anode 1is
embedded 1n the surface thereof and extends a substantial
distance into the cathode and/or the anode, 1s 1n physical
contact with the separator, and provides electrolyte high
ionic conductivity continuity from the separator into the
cathode and/or the anode.

2. The solid state battery according to claim 1, wherein at
least one of the cathode and the anode further comprises a
first low melting point solid inorganic electrolyte, wherein
the first low melting point electrolyte extends through pores
within the cathode and/or the anode.

3. The solid state battery according to claim 2, wherein the
first low melting point solid 1norganic electrolyte comprises
a doped metal oxide containing at least one of boron and
carbon.
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4. The solid state battery according to claim 3, wherein the
doped metal oxide 1s a doped lithium oxide.

5. The solid state battery according to claim 3, wherein the
doped metal oxide 1s doped with about 0.1 to about 20
atomic percent of a dopant element or compound.

6. The solid state battery according to claim 3, wherein the
doped metal oxide 1s a lithium metal oxide doped with at
least one element or compound selected from the group
consisting of silicon, fluorine, germanium, sulfur, lithium
fluoride, silicon dioxide, lithium metaborate, and lithium
orthoborate.

7. The solid state battery according to claim 2, wherein the
first low melting point solid 1norganic electrolyte 1s at least
one material selected from the group consisting of lithium
metaborate doped lithium carbonate, silicon doped lithium
tetraborate, lithium fluoride doped lithium metaborate, sili-
con doped lithium tetraborate, lithium orthoborate doped
lithium carbonate (L1,BO,—1.1,CO;), lithium carbonate
doped lithtum orthoborate (L1,CO,—1.1,B0O,), silicon diox-
ide doped Li1;BO,—11,CO,, lithhum fluonnde doped
L1,BO,—11,CO,, fluorine doped [1,BO,—L1,CO,, sulfur
doped L1,BO,—1.1,CO,, silicon doped Li1,BO,—1L.1,CO;,
fluorine and silicon doped L1,BO,—L1,CO,, germanium
doped Li1,BO,—1L.1,CO;, silicon dioxide doped L1,CO,—
[L1,BO;, lithtum fluoride doped L1,CO,—1L1,BO,, fluorine
doped L1,CO;—11,BO;, sulfur doped Li,CO,—L1,BO;,
silicon doped L1,CO,—L1,BO,, fluorine and silicon doped
[L1,CO,—L1,BO,, and germanium doped [1,CO,—11,BO,.

8. The solid state battery according to claim 2, wherein the
first low melting point solid inorganic electrolyte has general
formula N N, N" N"™ N""_wherein

N represents at least one element selected from Group 1A

of the Periodic Table,

N' represents at least one element selected from Group
IVA of the Periodic Table,

N" represents at least one element from Group IIIA of the
Periodic Table,
N™ represents at least one element from Group VIA of the
Periodic Table, and
N"" represents at least one dopant selected from Groups
[A-VIIA of the Periodic Table and transitional metals,
and
wherein v, w, X, y, and z are each zero or a positive number,
including various combinations of integers and fractions or
decimals, provided that the electrolyte contains oxygen and
at least one of carbon and boron.

9. The solid state battery according to claim 8, wherein N
represents lithrum, N' represents carbon, N" represents
boron, N represents oxygen and N"" represents silicon.

10. The solid state battery according to claim 1, wherein
at least one of the cathode and the anode further comprises
an electronically conductive material.

11. The solid state battery according to claim 1, wherein
the separator comprises a second inorganic solid particulate
clectrolyte having high 1onic conductivity, wherein the sec-
ond inorganic solid particulate electrolyte has a particle
diameter of about 100 nm to about 100 microns.

12. The solid state battery according to claim 11, wherein
the separator further comprises a second low melting point
solid 1norganic electrolyte.

13. The solid state battery according to claim 12, wherein
the second low melting point solid inorganic electrolyte
comprises a doped metal oxide containing at least one of
boron and carbon.

14. The solid state battery according to claim 13, wherein
the second low melting point solid mnorganic electrolyte 1s at
least one material selected from the group consisting of
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lithium metaborate doped lithium carbonate, silicon doped
lithium tetraborate, lithium fluoride doped lithium metabo-
rate, silicon doped lithium tetraborate, lithtum orthoborate
doped lithium carbonate (L1,BO,—L1,CO,), lithium car-
bonate doped lithium orthoborate (L1,CO,—I1.1,BO;), sili-
con dioxide doped L1,BO,—11,CO,, lithtum fluoride doped
L1,BO,—1.1,CO,, fluorine doped L1,BO,—1.1,CO,, sulfur
doped L1,BO,—1L1,CO,, silicon doped [L1,BO,—L1,COj,,
fluorine and silicon doped L1,BO,—I1.1,CO,, germanium
doped L1,BO,—L1,CO,, silicon dioxide doped L1,CO,—
[1,BO;, Iithtum fluonide doped L1,CO,—11,BO,;, fluorine
doped L1,CO,—11,BO,, sultur doped L1,CO,—L1,BO,,
silicon doped Li1,CO,—L1,BO,, fluorine and silicon doped
L1,CO,—I11,BO,, and germanium doped L1,CO,—L1,BO,.

15. The solid state battery according to claim 12, wherein
the second low melting point solid morganic electrolyte has
general formula N N' N" N™ N""_ wherein

N represents at least one element selected from Group 1A
of the Periodic Table,

N' represents at least one element selected from Group
IVA of the Periodic Table,

N" represents at least one element from Group IIIA of the

Periodic Table,
N" represents at least one element from Group VIA of the

Periodic Table, and
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N"" represents at least one dopant selected from Groups
[IA VIIA of the Periodic Table and transitional metals,
and

wherein v, w, X, y, and z are each zero or a positive number,
including various combinations of integers and fractions or
decimals.

16. The solid state battery according to claim 1, wherein
the separator 1s amorphous or glass-crystalline.

17. The solid state battery according to claim 1, wherein
at least one of the cathode and the anode 1s amorphous or
glass-crystalline.

18. The solid state battery according to claim 1, wherein
the separator has a first side and a second side, the cathode
1s disposed on the first side of the separator and the anode 1s
disposed on the second side of the separator, and wherein the
particulate electrolyte particles contained i1n the cathode
and/or the anode extend into the separator.

19. The solid state battery according to claim 1, wherein
the cathode contains the first inorganic solid particulate
clectrolyte, and wherein a diameter of the particulate elec-

trolyte particles represents about 60 to 80% of a thickness of
the cathode.
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